Introduction
Mutant Ras proteins play a critical role in the development of over 30% of human cancers (Shields et al., 2000; Malumbres and Barbacid, 2003) . However, although promoting many aspects of transformation, activated forms of Ras can also exhibit growth antagonistic properties. These include the induction of senescence, cell cycle arrest and apoptosis (Mayo et al., 1997; Serrano et al., 1997; Nicke et al., 2005) . We can reconcile these apparently contradictory properties if we consider the fact that Ras proteins can interact with a wide variety of downstream effector proteins allowing a broad range of effector outputs (Malumbres and Pellicer, 1998) . Many Ras effector proteins contain conserved structural regions that are responsible for mediating the interaction with Ras. These regions have been designated the Ras Association (RA) domain (Ponting and Benjamin, 1996) . Using a bioinformaticsbased approach to screen for RA domain containing proteins, we have previously identified several members of the RASSF family as potential Ras effectors that mediate growth inhibitory effects.
Four RASSF proteins have been characterized biologically thus far: RASSF1, RASSF2, RASSF4 and Nore1 (RASSF5) (Dammann et al., 2000; Vos et al., 2000 Vos et al., , 2003a Burbee et al., 2001; Khokhlatchev et al., 2002; Eckfeld et al., 2004; Agathanggelou et al., 2005) . All demonstrate biological properties compatible with a tumor suppressor function. These include inhibiting growth, promoting cell cycle arrest and apoptosis. They are all frequently downregulated during tumorigenesis by promoter methylation (Agathanggelou et al., 2005; Akino et al., 2005) . Moreover, RASSF1A knockout mice demonstrate enhanced tumor susceptibility and loss of Nore1 (RASSF5) function is linked to a familial form of kidney cancer (Chen et al., 2003) .
Here, we identify and characterize a novel member of this family, RASSF6. RASSF6 interacts directly with K-Ras in a guanosine triphosphate (GTP)-dependent manner via its effector domain with an affinity comparable to that of other known Ras effectors. RASSF6 induces apoptosis and the ability of RASSF6 to kill cells is enhanced by activated Ras. Overexpression of RASSF6 inhibits the survival of specific tumor cell lines and knockdown of RASSF6 by siRNA enhances the ability of tumor cell lines to grow in soft agar. In matched pair primary tumor samples, the levels of RASSF6 mRNA are often downregulated in the primary tumors. However, although RASSF6 has some similar overall properties as RASSF1A, the proteins demonstrate discrete expression profiles, and cell killing specificity.
Recently, the RASSF6 locus has been implicated in determining susceptibility to infection by the respiratory syncytial virus (RSV) (Hull et al., 2004) . RSV infection activates the eukaryotic nuclear factor kB (NFkB) pathway and this activation may play a vital role in the inflammatory response to infection. We have found that RASSF6 expression inhibits the basal levels of NFkB activity in a lung epithelial cell line, suggesting that defects in RASSF6 may facilitate viral NFkB activation. Thus, we identify a further member of the RASSF family as a novel potential Ras effector/tumor suppressor with distinct biological characteristics.
Results
Family alignment and tissue distribution of RASSF6 TblastN searches of the EST database using the RA domain of RASSF1A led to the identification of RASSF6. During the preparation of this manuscript, the gene was described in: http://www.genecards.org/ cgi-bin/carddisp.pl?gene ¼ RASSF6. Sequences were aligned using ClustalW (Figure 1a ). RASSF6 shows most identity to RASSF2 (57%) and RASSF4 (55%). It lacks the N-terminal extension of Nore1 (RASSF5) and the microtubule association domain of RASSF1A Agathanggelou et al., 2005) but shares the SARAH motif of other family members. Northern analysis of RASSF6 expression ( Figure 1b) showed a distinct pattern of expression that differs from other family members (Vos et al., 2000 (Vos et al., , 2003a .
RASSF6 interacts with Ras GTP in cells via its effector domain 293-T cells were cotransfected with FLAG-tagged RASSF6 and HA-tagged activated K-Ras (G12V) or wild-type K-Ras. The cells were lysed after 48 h and immunoprecipitated with anti-Ras antibody for western analysis using anti-FLAG antibodies. RASSF6 preferentially associated with the active form of K-Ras as no association was seen with the inactive (wild-type) protein (Figure 2a ).
Ras associates with its effectors via its effector domain (Marshall 1993 ) therefore, effector mutants (White et al., 1995; Vos et al., 2003a) of activated K-Ras (G12V/35S) and (G12V/40C) were subjected to similar coprecipitation experiments with RASSF6. Figure 2b shows that mutations in the effector region of K-Ras strongly impaired its ability to interact with RASSF6.
Farnesylation is important for Ras to bind to its effectors with full affinity (Williams et al., 2000) . By using a point mutant of activated K-Ras that lacks a functional CAAX motif (Solski et al., 1995) and cannot be farnesylated, we determined that the farnesylation of Ras is very important for binding to RASSF6 (Figure 2c ).
RASSF6 binds K-Ras directly
To examine the physiological relevance of the interaction and to confirm a direct interaction between RASSF6 and K-Ras, we generated a recombinant glutathione S-transferase (GST)-fusion of the RA domain of RASSF6, designated GST-F6RA. GST-F6RA was used as an affinity reagent in quantitative binding assays with purified, farnesylated K-Ras (Figure 3) . Ras was loaded with GTP and incubated with 100 ng of GST or GST-F6RA at decreasing concentrations for 4 h at 41C in phosphate-buffered saline, 0.025% Tween-20 and 1 mM MgCl 2 . GST-F6 beads were then washed and subjected to western analysis using an anti-K-Ras antibody (F234 Santa Cruz Biotechnology, CA, USA). The apparent K d was taken as half the maximal binding. Binding was saturated by 300 nM, giving an apparent K d of less than or equal to 150 nM.
RASSF6 and RASSF1A exhibit different cell-specific growth inhibitory properties Tumor cell lines were transfected with pBabe expression constructs and selected in puromycin. Colony formation was scored after 2 weeks (Figure 4 ). Whereas neither RASSF1A nor RASSF6 inhibited the growth of the H1299 human lung tumor cell line, both inhibited the growth of MCF-7 human breast tumor cells. However, RASSF6 was significantly less effective at inhibiting the growth and survival of A549 human lung tumor cells.
RASSF6 and K-Ras synergize to induce cell death
To determine the effects of activated Ras on the biological activity of RASSF6, we performed cotransfections in 293-T cells. After 48 h, the cells were stained with trypan blue to detect cell death. A dramatic synergistic activation of cell death was observed when the cells were transfected with activated K-Ras and RASSF6 together (Figure 5a and b).
RASSF6 induces apoptotic cell death
To determine if RASSF6 was proapoptotic, we used the pCaspase3-Sensor system (Clontech, Mountain View, CA, USA) and fluorescent microscopy to measure caspase-3 activation in individual cells as described previously (Vos et al., 2003b) . Quantification showed that addition of RASSF6 induced a fivefold increase of active caspases over empty vector ( Figure 6 ).
RASSF6 binds the proapoptotic protein MOAP-1
One of the proapoptotic pathways that has been identified for RASSF1A involves the direct interaction with the protein modulator of apoptosis 1 (MOAP-1) which then binds and activates Bax (Vos et al., 2006; Baksh et al., 2005) . To determine if RASSF6 might also use this pathway to mediate apoptosis, we performed coimmunoprecipitation assays with differentially tagged expression constructs. RASSF6 could coimmunoprecipitate with MOAP-1 (Figure 6b ). Moreover, the degree of binding of RASSF6 and MOAP-1 appeared to be enhanced by the presence of activated K-Ras, suggesting a potential mechanism by which Ras may activate the proapoptotic effects of RASSF6.
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RASSF6 expression is frequently lost in primary tumors
Using a cancer profiling array containing paired cDNAs generated from matched pair normal (N) and tumor (T)-derived tissues we show that the expression of RASSF6 is downregulated in 30-60% of tumor derived tissues of the breast, colon, kidney, liver, rectum, pancreas, stomach and the thyroid gland compared to normal tissue ( Figure 8 ). Intriguingly, several tumor samples showed elevated levels of RASSF6 expression. The differences seen were not owing to differential loading, as the control incubation with the ubiquitin cDNA probe yielded similar levels of expression in N vs T (data not shown). The reasons for the elevated levels of RASSF6 is a potential Ras effector/tumor suppressor NPC Allen et al expression in some tumors are not known, but could reflect the presence of a mutant RASSF6.
RASSF6 suppresses the NFkB pathway RSV induces severe bronchiolitis in a subpopulation of infected individuals. Recent studies have genetically linked the RASSF6 locus to susceptibility for the RSVinduced bronchiolitis (Smyth and Openshaw, 2006) . One of the major effects of RSV infection is to stimulate the NFkB pathway (Hull et al., 2004) . Activation of the NFkB pathway appears to play roles in both modulating the degree of inflammation induced by RSV and in supporting viral replication, perhaps by suppressing apoptosis (Bitko et al., 2004) . As RASSF6 can induce apoptosis by an unknown mechanism, we examined the possibility that it might function, at least in part, via NFkB. Dual Luciferase assays were performed in A549 lung tumor cells using an NFkB luciferase reporter and a CMV-Renilla internal control. RASSF6 suppressed the serum-induced basal levels of NFkB reporter approximately fivefold (Figure 9) . A much weaker effect was observed with the most closely related family member RASSF2.
Discussion
Inappropriate activation of Ras proteins promotes a variety of protumorigenic phenotypes including enhanced growth, loss of contact inhibition, reduced requirement for growth factors, enhanced motility and invasion and resistance to apoptosis (Malumbres and Barbacid, 2003) . However, like other powerful oncoproteins, activated Ras can also induce various aspects of growth inhibition and death (Mayo et al., 1997; Serrano et al., 1997; Hueber and Evan, 1998; Frame and Balmain, 2000; Cox and Der, 2003; Diep et al., 2004; Nicke et al., 2005) . These observations suggest that Ras proteins may control a balance between life and death in normal cells (Feig and Buchsbaum, 2002) . RASSF family proteins have now been identified as potential mediators of some of the growth inhibitory effects of Ras (Vos et al., 2000 (Vos et al., , 2003a Khokhlatchev et al., 2002; Eckfeld et al., 2004) . Intriguingly, RASSF family proteins are often downregulated during tumorigenesis Vos et al., 2003a, b; Eckfeld et al., 2004; Agathanggelou et al., 2005) . This suggests that loss of function of RASSF family proteins may be an important component of the development of Rasdependant tumors.
We report here the first characterization of the last member of the family, RASSF6. RASSF6 demonstrates approximately 60% identity to RASSF2 and RASSF4, with approximately 30% identity to RASSF1A.
RASSF6 associates preferentially with activated Ras and this interaction is dependant on the effector domain of Ras. The interaction is also dependant on the correct posttranslational modification of Ras by farnesyl. Posttranslational modification of Ras has previously RASSF6 is a potential Ras effector/tumor suppressor NPC Allen et al been shown to play an important role in the binding to effectors. In the case of RASSF6, this seems to be particularly important. Thus, studies using unprocessed Ras to examine the binding of Ras to RASSF proteins may underestimate the binding affinity. The interaction between farnesylated Ras and RASSF6 is likely to be physiological as the apparent K d of the interaction was determined to be less than or equal to 150 nM compared to 50 nM previously determined for Ras and its physiological effector Raf-1 (Okada et al., 1996) . RASSF family proteins have been shown to inhibit growth and participate in proapoptotic programs (Agathanggelou et al., 2005) . RASSF6 also promotes cell death in a Ras-dependant manner and can induce apoptotic cell death in human tumor cell lines. RASSF1A mediates some of its apoptotic functions by directly binding the proapoptotic Bax activator MOAP-1 (Baksh et al., 2005; Vos et al., 2006) . RASSF6 can also interact with MOAP-1 and so shares this pathway with RASSF1A. However, not all tumor lines are sensitive to killing by RASSF family overexpression. Neither RASSF1A nor RASSF6 was very effective at killing the lung tumor cell line H1299. The killing also shows some specificity between family members as RASSF1A was much more effective at killing A549 cells than RASSF6. This implies that RASSF1A and RASSF6 do not mediate identical functions.
To date, all RASSF family members with the exception of RASSF3 have shown frequent loss of expression during tumor development primarily due to promoter methylation (Agathanggelou et al., 2005) . Here, we show that RASSF6 shows reduced levels of RASSF6 mRNA in between 30 and 60% of primary tumor tissues of the breast, colon, kidney, liver, pancreas, stomach and thyroid gland. Curiously, some tumor samples appeared to exhibit elevated levels of RASSF6 compared to the normal tissue. The reason for this is unknown but might represent a mutant form of RASSF6 that has lost tumor suppressor function. So far, we have not identified any tumor-associated point mutants of RASSF6.
To determine a mechanism for the reduced expression of RASSF6 in tumors, we examined the promoter of RASSF6 and found that approximately only 1/7 of the tumor cell lines examined demonstrated partial promoter methylation (data not shown). This level was lower than expected, based on the results in the primary tumor samples. This suggests that either our examination of the promoter did not extend sufficiently upstream to detect important sites of methylation, or that nonmethylation-based mechanisms are involved in the downregulation of RASSF6. RASSF6 is located at 4q21.21 in the genome. This region has been reported to suffer deletions during tumor development (Diep et al., 2004) . Therefore, the loss of expression in the primary tumors could also reflect gene deletions as well as epigenetic mechanisms of silencing.
Recently, genetic mapping studies have implicated RASSF6 as playing an unexpected role in the response to infection by RSV (Smyth and Openshaw, 2006) . RSV infection is a leading cause of infant hospitalization. Certain individuals appear to be particularly susceptible to RSV-induced bronchiolitis, which is characterized by severe inflammation (Hull et al., 2004) and can lead to serious complications or death. The reason why only some individuals develop bronchiolitis after infection is not known. However, a genetic locus for the susceptibility to RSV-induced bronchiolitis has now been mapped to RASSF6 (Hull et al., 2004) . This implies that defects in RASSF6 might alter the cellular response to RSV infection. One of the major effects of infection by RSV is activation of the NFkB pathway and this appears to play a critical role in both promoting inflammation and supporting viral replication by suppressing apoptosis (Bitko et al., 2004) . As RASSF6 is proapoptotic, we wondered if RASSF6 might be able to modulate the NFkB pathway. Indeed, we found that in a lung tumor cell line, RASSF6 was highly effective at suppressing the NFkB pathway (Figure 9 ). This appears to be a specific effect as the closest family member, RASSF2, exhibited only a modest effect on NFkB activation (Figure 9 ). This is the first example of a RASSF family member being linked to NFkB function. Thus, impaired function of RASSF6 may facilitate the activation of NFkB by RSV, enhancing the infection. It may be interesting to test the activity of RSV in cells specifically knocked down for RASSF6. It may also be interesting to examine the role of RASSF6 in inflammation in cancer.
Thus, although RASSF6 demonstrates some similarities to other previously characterized RASSF proteins, it also demonstrates some unique properties. These RASSF6 is a potential Ras effector/tumor suppressor NPC Allen et al include a discrete tissue expression profile, subcellular localization, cell killing specificity and impact on signaling pathways. Moreover, we may have identified a mechanism behind which RASSF6 may play a role in dictating the degree of inflammatory response of the RSV. Consequently, we propose that RASSF6 is a Ras effector/tumor suppressor of the RASSF family but with distinct characteristics and function compared to other family members.
Experimental procedures
Cloning and vectors. Murine RASSF6 was isolated by polymerase chain reaction (PCR) from IMAGE clone ID: 3669766 using primers ggatccatgacagcaatggatcaccag and gaattcctagactgtggtctccgttttagc and cloned in pCDNA.Flag and pBabe.HA. The RA domain of RASSF6 (amino acid residues 184-273) was isolated by PCR (oligomers gacggatccaagcctctgatgatggacaga and acacaattgctaaactgttgtctctgtttttattactagtttatt) and cloned into pGEX-2T vector (Phamacia, Piscataway, NJ, USA).
K-Ras/RASSF6 binding assays. 293-T cells were transfected with pCGN-K-ras (Fiordalisi et al., 2000) and pcDNAF-RASSF6. Cells were lysed in radioimmuno precipitation assay (RIPA) buffer (50 mM Tris, pH 7.5, 1% (v/v) IGEPAL, 150 mM NaCl) and immunoprecipitated with anti-Ras antibodies (sc-259, Santa Cruz Biotechnology) followed by western analysis.
Direct binding assays were carried out using a GSTfusion of the RASSF6 RA domain and purified, farnesylated K-Ras (a kind gift from D Stokoe, University of California, San Francisco). K-Ras was loaded as described previously (Clark et al., 1996) and added to 100 ng of the RA fusion protein immobilized to glutathione-coated beads at a range of Ras concentrations from 600 to 150 nM. Ras binding was determined as described previously (Vos et al., 2003b) .
Cell cultures and transfections. Human tumor cell lines were grown in Dulbecco's modified Eagle's medium/ 10% fetal bovine serum and transfected using lipofectamine-2000 (Invitrogen, Carlsbad, CA, USA). SiRNA studies were performed by transfecting H1792 cells with 100 nM of RASSF6 SiRNA (ID # 130201 Ambion Inc., Austin, TX, USA) using oligofectamine (Invitrogen). Cells were plated in soft agar after 24 h as described previously (Vos et al., 2003b) . Dual luciferase assays were performed as described in Ellis et al. (2002) .
qRT-PCR studies. quantitative real-time polymerase chain reaction (qRT-PCR) was performed on an iCycler Real-Time Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA) using the Quantitect SYBR Green RT-PCR Kit (Qiagen Inc., Valencia, CA, USA). The fold change for the RASSF6 gene was calculated using the 2 ÀDDC T method and using b-actin as the reference gene.
Cell death/apoptosis assay. MCF-7 cells were transfected with 1 mg each of pCaspase3-sensor reporter plasmid (15) and pHcRed-RASSF6. Location of the enhanced green fluorescent protein-sensor reporter protein in cotransfected cells was examined after 24-48 h using fluorescence microscopy.
In situ Trypan blue assays were performed on 293-T cells (ATCC, Manassas, VA, USA) as described previously (Vos et al., 2003b) .
Expression in normal tissue and cancer profiling array. Human RASSF6 was used as a probe for northern analysis of a Normal Tissue Blot (Clontech, Paolo Alto, CA, USA). To examine the expression of RASSF6 in primary tumors, southern analysis of the Clontech matched pair tissue blot was performed, using hRASSF6 and an ubiquitin cDNA probe as a control.
Abbreviations GST, glutathione S transferase; RA, Ras association; RSV, respiratory syncytial virus.
